Today steel-wire ropes are used as a pre-stressed reinforcement for the large-span reinforced concrete structures that are considered as solid isotropic bars. Meanwhile, it's not taken into account that the rope represents a composite structure with the axial spiral anisotropy of properties, where a combined strain-stress state (SSS) occurs. On the basis of Kirchhoff differential equations for thin curved bars, the author develops a generic mathematical model of the steel twisted rope with a linear contact of wires. This model enables one to determine a combined strain-stress state of the rope elements taking into consideration its geometrical characteristics (wire size, twist angle of a twisted rope) and mechanical characteristics of steel (elasticity and shear moduli). The paper presents calculation of irregularity of stress distribution between a core and wires of the steel rope -7 (1+6) in case of different rates of wire twisting. Knowing the real strain-stress state in the steel rope elements, one can specify an effective pre-stressing of the rope.
Introduction
The modern civil construction is mainly based on precast reinforced concrete structures (RCS), produced at construction factories. Determining trends of precast concrete development is the use of high performance types of reinforcement and high-strength concrete. The most effective type of reinforcement for large-span prestressed RCS are steel ropes [1] .
Determination of a prestressing rate of the steel rope by various building regulations
The steel rope represents a flexible composite structure with the axial spiral anisotropy of properties, formed by a lay of ropes. The actual building regulations both in Russia and abroad [2] [3] [4] [5] [6] [7] [8] [9] [10] (see Table 1 ) determine a stress rate in the rope as a monolithic isotropic bar without regard to its composite structure. Table 1 presents the results of comparable calculations of a maximum allowed value of prestressing sp in wires of the steel rope on the basis of recommendations and formulas of different regulatory documents. The breaking strength of the rope wires u is a stress during tearing of the steel rope in a twisted state, i.e. actual (aggregate) strength of the rope. The guidelines and formulas of these regulatory documents are developed on the basis of large volumes of empirical data on operation of steel ropes under different conditions. According to these recommendations, the maximum prestressing value sp in steel ropes is changed within wide limits: from 0,42 to 0,86 of breaking strength of the rope u .
Real strain-stress state of the steel rope elements
The current construction standards of design [2] [3] [4] [5] [6] [7] [8] [9] [10] consider only axial tension in the rope elements. But in reality in case of axial tension the rope wires are in a composite strain-stress state. The core (central wire of the rope) experiences axial tension. As for a twisting wire, it experiences the axial tension and bending.
Also, there is a constructive heterogeneity of the rope wires which is a consequence of its composite structure. The rope core is shorter than the twisting wire, and consequently, it can't become deformed on an equal basis with the wire. As a result, we have uneven distribution of stretching strength along the rope wires. The rope core is the most stressed wire of the rope.
Therefore, when the rope is stretched to the ultimate theoretical stress, one of the wires usually the core, breaks, so the whole rope becomes unserviceable.
In case of prestressing of reinforcement the only controlled variable is tensile load. The operator specifies tension force with the help of a hydraulic jack. The real strain-stress state and the current force distribution in heterogeneous elements of the rope are not taken into account.
At present, a steel rope of -7 (1+6) class ( Fig. 1 ) manufactured according to GOST 13840-68 [11] is the most popular type of high-tensile twisted wire reinforcement, which is used during construction of large-span prestressed RCS both in Russia and abroad. From all existing structures of steel twisted ropes with a linear contact of wires the -7 (1+6) rope is an optimal rope according to a maximum use of strength properties of steel [12] . The core diameter of the -7 (1+6) rope should exceed the diameter of twisted wires to make the rope production possible. In the work of the founder, who suggested to apply wire rope reinforcement in Russia, K.V. Mikhailov [13] it's noted that the central wire of a steel 7-wire strand with the linear contact of wires should be bigger than outer wires in order to: 1) get a firm lay, due to which twisted wires tightly adjoin both the twisted wire and each other; 2) guarantee reliable involvement of the central wire into general operation of the strand due to its efficient squeezing by a layer of twisted wires, which tend to straighten under the influence of stretching stress. The main state normative document which regulates geometrical characteristics of wires of the -7 (1+6) steel rope is GOST 13840-68 [11] . In accordance with GOST 13840-68 [11] the diameter of the central wire exceeds the diameter of the twisted wire by 1,61…4,00 %. This required difference of wire diameters significantly complicates the technology of production and strength calculation of the seven-wire rope.
As the empirical data processing showed [14] , in steel ropes the difference between lengths of structural units, the rope elements is a main reason of the fact that actual strength of ropes is always less than the theoretical by 5,0…22,5 % depending on the rope structure. This phenomenon was named as interstructural shift.
The theoretical strength of a steel rope is an actual aggregate breaking strength of all wires in the rope during tension testing of each wire. At the same time, wires are tested before twisting into a rope, i.e. in so called "untwisted" state. The "untwisted" state of the wire is characterized by absence of strain behavior, which occurs in wires during the rope lay. The actual (aggregate) strength of the steel rope is a breaking strength of the rope on the whole.
According to the study [14] , when the rope is stretched, the first elements which lose structural integrity are the shortest wires, which make up the rope. The residual total elongation, i.e. "necks", in the process of stretching firstly appears in the shortest wires of the rope. The main findings of the investigation [14] : in a steel rope the most stressed members are the shortest elements of the rope and the less stressed members are the longest elements of the rope.
The author of the article has conducted theoretical studies on the effect of a composite structure of the steel rope on the stress rate in the rope elements during its stretching. On the basis of Kirchhoff differential equations for a thin curved bar the author develops a generic mathematical model of the steel rope with the linear contact of wires, which enables one to determine a combined strain-stress state of the rope elements taking into account its geometric characteristics (wire size, angle of twist of twisted wires) and mechanical characteristics of steel (elasticity and shear moduli) [12] .
Based on the current mathematical model the author has developed a C-based computer program [15] , which determines a combined strain-stress state in -7 (1+6) rope wires in the context of the given external stretching stress for a pure tension of the rope (the rope is stretched by axial force N x and its ends are fixed against rotation).
The rated diameter of the -7 (1+6) rope is 15,0 mm, the nominal diameter is 15,2 mm, the core diameter is 5,2 mm and the wire diameter is 5,0 mm. According to [11] , a rate of twisting of the rope wires can vary from 12 to 16.
The results of calculation of irregularity of stress distribution among the core and twisted wires of the -7 (1+6) steel rope in case of different lay rates are given in Table 2 .
In Table 2 a value min d 0 represents a minimum allowed diameter of the rope core, which is determined in the context of a firm contact of twisted wires with the core and each other, namely a normal contact of twisted wires with the central wire, and in the context of a tangential contact between twisted wires. The computer program [15] specifies the minimum allowed diameter of the core of -7 (1+6) rope according to the given external diameter of the rope and the rate of twisting of twisted wires. The following notations are presented in Table 2 :
k -rate of lay of twisted wires; layers of wires: 0 -central wire (core), 1 -twisted wire; L -difference of lengths of the core and a twisted wire in a segment of the rope length which is equal to one length of lay of twisted wires; n -normal stress produced by axial tension; m -normal stress produced by bending; t -tangential stress produced by twisting; t -maximum normal stress;
-equivalent stress in a wire; -difference of calculated by the program stress in a twisted wire and the core; -difference of stress in the core calculated by the program and stress in the rope calculated according to SP [2] .
The exterior axial tensile force N was equal to 1,9 10 5 . In calculations, presented in Table 1 , a steel elasticity modulus was set equal to s = 1,8·10 5 MPa according to Para. 2.2.2.6 of SP [2] . The steel shearing modulus was set equal to s /3 (as for incompressible material).
The dependence diagram of stress difference in structural elements of the -7 (1+6) rope on the discrepancy of lengths of these elements is illustrated in Fig. 2 . The diagram from Fig. 2 shows that with increase of difference of lengths of the core and a twisted wire, the stress difference in the core and the twisted wire of the rope is also increased.
Thus, the results of theoretical studies of the author completely correspond to the work findings [14] obtained on the basis of empirical date processing. Consequently, the work [14] confirms adequacy of the developed by the author generic mathematical model of a steel rope with the linear touch of wires.
From Table 1 it's obvious that depending on the rate of lay of twisted wires the stress in wires of the -7 (1+6) rope, calculated according to the author's program [15] , i.e. taking into consideration geometric characteristics of the rope and mechanical characteristics of steel, exceeds the stress according to SP [2] by 1,3…2,3 % in twisted wires and by 2,2…3,9 % in the core. The stress in the core exceeds the stress in twisted wires by 0,9…1,6 % depending on the rate of lay of twisted wires.
Conclusion
Knowing the real strain-stress state in elements of the steel rope we can reasonably determine a value of effective prestressing of the rope. The elaboration of the methodology of using a maximum allowed value of prestressing in wires of the steel rope with due regard to its composite structure enables one to determine a required amount of wire rope reinforcement. Thus, one can achieve reduction of expenses of expensive high-tensile reinforcement steel in large-span reinforced concrete structures and improve safety of carrying out the work in the process of large-span RCS production. Fig. 2 . The dependence diagram of stress difference in structural elements of the -7 (1+6) rope on the difference of lengths of these elements
